To further advance our understanding of the way in which a portion of the African superswell in eastern Africa formed, and also to draw attention to the importance of eastern Africa for the plume versus plate debate about mantle dynamics, uppermantle structure beneath eastern Africa is reviewed by synthesizing published results from three types of analyses applied to broadband seismic data recorded in Tanzania, Kenya, and Ethiopia. (1) Joint inversions of receiver functions and surface wave dispersion measurements show that the lithospheric mantle of the Ethiopian Plateau has been signifi cantly perturbed, much more so than the lithospheric mantle of the East African Plateau. (2) Body wave tomography reveals a broad (≥ ≥300 km wide) and deep (≥ ≥400 km) low-velocity anomaly beneath the Ethiopian Plateau and the eastern branch of the rift system in Kenya and Tanzania. (3) Receiver function stacks showing Ps conversions from the 410 km discontinuity beneath the eastern branch in Kenya and Tanzania reveal that this discontinuity is depressed by 20-40 km in the same location as the low-velocity anomaly. The coincidence of the depressed 410 km discontinuity and the low-velocity anomaly indicates that the low-velocity anomaly is caused primarily by temperatures several hundred degrees higher than ambient mantle temperatures. These fi ndings cannot be explained easily by models invoking a plume head and tail, unless there are a suffi cient number of plume tails presently under eastern Africa side-by-side to create a broad and deep thermal structure. These fi ndings also cannot be easily explained by the plate model. In contrast, the breadth and depth of the upper-mantle thermal structure can be explained by the African superplume, which in some tomographic models extends into the upper mantle beneath eastern Africa. Consequently, a superplume origin for the anomalous topography of the African superswell in eastern Africa, in addition to the Cenozoic rifting and volcanism found there, is favored.
INTRODUCTION
The African superswell is a fi rst-order topographic feature on Earth, covering some 1 × 10 7 km 2 (Nyblade and Robinson, 1994 ) of the African plate. It is composed of several contiguous geographic regions, including the Ethiopian Plateau, the East African Plateau, the Southern African Plateau, and a region of elevated bathymetry in the southeastern Atlantic Ocean Basin, which together form a distinctive topographic anomaly. By removing the mean global continental elevation from the observed elevations in Africa, and by removing the age-predicted bathymetry from the observed bathymetry in the ocean basins around Africa, Nyblade and Robinson (1994) showed that the long-wavelength (i.e., more than a few hundred kilometers) anomalous topography and bathymetry associated with the African superswell is ~500 m. Many shorter-wavelength topographic and bathymetric features are superimposed on this long-wavelength swell, creating the so-called "basin and swell" landscape of Holmes (1944) . It has long been argued (e.g., Holmes, 1944; King, 1962; Burke, 1996; Burke et al., 2003; Burke and Gunnell, 2008 ) that the shorter-wavelength "basin and swell" landscape is the most prominent topographic feature of the African continent, but Doucouré and de Wit (2003) , through a statistical analysis of African topography, showed clearly that most of the "basins and swells" are second-or third-order topographic features superimposed on the fi rst-order topographic anomaly of the superswell.
The origin of the African superswell has been debated for many years, and as yet there is no clear consensus about the geodynamic mechanisms giving rise to its defi ning long-wavelength topographic structure. Given the different tectonic histories of the major regions that constitute the superswell (i.e., eastern African, southern Africa, the southern Atlantic Ocean Basin), it is possible that many mechanisms may have contributed to its overall development. On the other hand, because the superswell is located above one of the largest geophysical anomalies anywhere in the lower mantle, the African superplume, several investigators have attributed the uplift of one or more parts of the superswell to lower-mantle processes that affect, and possibly extend into, the upper mantle (e.g., Lithgow-Bertelloni and Silver, 1998; Gurnis et al., 2000; Doucouré and de Wit, 2002; Benoit et al., 2006b; Huerta et al., 2009) .
The origin of the African superswell is also relevant to an ongoing debate about the extent to which hotspot tectonism is caused by mantle plumes versus upper-mantle processes linked to plate motions and plate structures (e.g., the plume versus plate model debate; see Anderson, 2005 , and references therein). A signifi cant portion of the superswell in eastern Africa is considered to be a classic hotspot locale, in particular, those areas of eastern Africa affected by Cenozoic rifting, volcanism, and uplift. Resolving the uncertainties over the origin of the African superswell, therefore, has the potential to substantially improve our knowledge of mantle dynamics.
To advance further our understanding of how to portion of the African superswell in eastern Africa formed, and also to draw attention to the importance of eastern Africa for the plume versus plate debate, in this paper, upper-mantle structure beneath eastern Africa is reviewed by synthesizing published results from data recorded on regional broadband seismic networks operated in Tanzania, Kenya, and Ethiopia between 1994 and . Both lithospheric and sublithospheric mantle structure is examined by focusing on results from three types of data analyses-joint inversion of receiver functions and surface wave dispersion measurements for imaging lithospheric mantle structure, body wave tomography for imaging seismic velocity variations in the sublithospheric mantle, and receiver function stacks for imaging the mantle discontinuities around depths of 410 and 660 km. Results from these analyses, which place fi rm seismological constraints on the width and depth extent of the upper-mantle low-velocity anomaly beneath eastern Africa, are then used to evaluate conceptual models for the origin of plateau uplift in eastern Africa, along with the associated Cenozoic volcanism and rifting. In conclusion, the fi ndings of the review regarding the origin of the African superswell are discussed in light of other seismic models of the African mantle and also the plume versus plate debate about mantle dynamics.
BACKGROUND
The Precambrian tectonic framework of eastern Africa consists of the Archean Tanzania craton surrounded by the Proterozoic Ruwenzori, Kibaran, Ubendian, and Mozambique belts (Fig. 1) . The Cenozoic East African Rift system developed primarily within the mobile belts and forms two branches (eastern and western; Fig. 1 ). The eastern branch in Ethiopia divides the Ethiopian Plateau into eastern and western sections and continues southward through west-central Kenya and into northern Tanzania, transecting the northeastern corner of the East African Plateau. In Kenya, the eastern branch is locally referred to as the Kenya or Gregory Rift. The eastern branch of the East African Rift system was formed within the Mozambique belt, which runs from Ethiopia south through Kenya, Tanzania, and Mozambique, and is often interpreted as the relict of a Himalayan-type orogenic system (Burke and Şengör, 1986; Shackleton, 1986) . The western branch of the East African Rift system defi nes the western side of the East African Plateau (Fig. 1) , and was developed within the Ruwenzori, Kibaran, and Ubendian belts.
Widespread volcanic activity started in the central Ethiopian Plateau during the Oligocene (ca. 29-31 Ma) and resulted in the emplacement of thick (500-2000 m) fl ood basalts and rhyolites within 1-2 m.y. (Hofmann et al., 1997; Mohr and Zanettin, 1988; Mohr, 1983; Berhe et al., 1987; Baker et al., 1996; Ayalew et al., 2002; Coulié et al., 2003) . Less voluminous synrift shield volcanoes formed between 30 and 10 Ma and sit on top of the fl ood basalts to create additional relief of 1000-2000 m (Berhe et al., 1987; Coulié et al., 2003) . The Afar triple junction formed long after the eruption of the Afar fl ood basalt volcanism as a result of the opening of the eastern branch of the East African Rift system. In the northern parts of the Main spe 478-03 1st pgs page 3 Ethiopian Rift, extension started ca. 11 Ma (Wolfenden et al., 2004; Chernet et al., 1998; WoldeGabriel et al., 1999) , while in southwestern Ethiopia, extension started ca. 18 Ma (Ebinger et al., 2000) . Uplift of the Ethiopian Plateau occurred between 20 and 30 Ma, coincident with or soon after the major fl ood basalt eruption (Pik et al., 2003) . Volcanism and rifting in Kenya are thought to have occurred at about the same time (Ebinger et al., 1989) . The earliest volcanism in Kenya started in the Turkana region of northern Kenya ca. 35-40 Ma (Furman et al., 2006; MacDonald et al., 2001) . Magmatic activity in other parts of northern Kenya began ca. 30 Ma (Morley et al., 1992; Ritter and Kaspar, 1997) , while volcanism started ca. 15 Ma in the central portion of the Kenya rift, at ca. 12 Ma in southern Kenya (Morley et al., 1992; Hendrie et al., 1994; Mechie et al., 1997) , and at ca. 8 Ma in northern Tanzania (Dawson, 1992; . Volcanism in the western rift began ca. 12 Ma in the Virunga Province, ca. 8 Ma in the Kivu and Rungwe Provinces, ca. 6 Ma in the Mwenga-Kamituga Province, and ca. 2-1 Ma in the Toro-Ankolean Province (Ebinger et al., 1989; Pasteels et al., 1989; Kampunzu et al., 1998) . Timing of plateau formation in East Africa remains poorly constrained, although there is evidence for localized Neogene uplift along the fl anks of some rift valleys (e.g., Noble et al., 1997; van der Beek et al., 1998; Spiegel et al., 2007 Ea ste rn b r a n c h b r a n c h K ib a ra n b e lt K ib a ra n b e lt W e s te rn W e s te rn b r a n c h b r a n c h R u w e n z o r i R u w e n z o r i b e l t b e l t K ib a ra n b e lt Lake Victoria Nyblade spe 478-03 1st pgs page 4
Data used for the seismic analyses come primarily from three temporary deployments of broadband seismic stations in eastern Africa (Fig. 1) . The 1994-1995 Tanzania broadband seismic experiment consisted of 20 stations deployed in two more-or-less linear arrays spanning Tanzania (Nyblade et al., 1996) . The 2000-2002 Kenya broadband seismic experiment consisted of 10 stations deployed across central and southern Kenya, and the Ethiopia broadband seismic experiment consisted of 27 stations deployed across central and northern Ethiopia (Nyblade and Langston, 2002) . In addition to these data sets, data from earthquakes recorded on the KRISP (Kenya Rift International Science Project) 1985 and 1989-1990 networks in Kenya (Green et al., 1991; Slack et al., 1994) were used, as well as data from the 2001-2003 EAGLE (Ethiopia Afar Geoscientifi c Lithosphere Experiment) project in Ethiopia and the permanent Global Seismic Network and Geoscope stations in the region.
LITHOSPHERIC MANTLE STRUCTURE
To image lithospheric mantle structure, the same joint inversion scheme has been applied to P-wave receiver functions and fundamental mode Rayleigh wave phase and group velocities for all three data sets by Julià et al. (2005) (Tanzania), Dugda et al. (2007) (Ethiopia), and Dugda et al. (2009) (Kenya) . Receiver functions and surface wave velocities provide complementary information on Earth structure. Receiver functions are time series obtained by deconvolving the vertical component of the teleseismic P-wave coda from the corresponding radial component and can be used to resolve velocity discontinuities in the neighborhood of a seismic station (Langston, 1979; Ammon et al., 1990; Julià et al., 2000) . Rayleigh wave phase and group velocities, in contrast, can be used to constrain the average shear wave velocity between the discontinuities (Julià et al., 2000) .
The method developed by Julià et al. (2003) for the joint inversion was applied to the seismic data from Tanzania , Kenya (Dugda et al., 2009) , and Ethiopia (Dugda et al., 2007) . Rayleigh wave group velocities between periods of 10 and 45 s from Pasyanos (2005) , and Rayleigh wave phase velocities between periods of 50 and 140 s from Weeraratne et al. (2003) , were used in the joint inversion for the data from Tanzania and Kenya (Dugda et al., 2009; Julià et al., 2005) . For Ethiopia, Rayleigh wave group velocities between periods of 10 and 85 s were used from Pasyanos (2005) and between periods of 90 and 175 s from the Harvard model (Larson and Ekstrom, 2001) . Receiver functions were computed using seismograms from teleseismic events between distances of 30° and 95° with magnitudes greater than 5.5. The time-domain iterative deconvolution method of Ligorria and Ammon (1999) was employed to compute the receiver functions.
Results of the joint inversions to a depth of 100 km for selected stations are shown in Figure 2 to illustrate variations and similarities in lithospheric mantle velocities (i.e., shaded regions on profi les with Vs >4 km/s) between the East African and Ethiopian Plateaus. Structure below 100 km depth is not shown because it is not as well constrained by the joint inversion as structure above ~100 km depth. From Figure 2 , it can be seen that lithospheric mantle velocities beneath the Tanzania craton and Mozambique belt in Tanzania and Kenya are similar, with more or less constant shear wave velocities of 4.5-4.7 km/s from the Moho to 100 km depth. The fi gure suggests that the velocities in the lithosphere under the Tanzania craton might be somewhat faster than beneath the Mozambique belt, but given the uncertainties in the velocities at any one depth of 0.1-0.2 km/s, the differences between the craton and mobile belt may not be signifi cant. Interestingly, lithospheric mantle structure under the Mozambique belt in Kenya within proximity of the Kenya Rift is similar to that in Tanzania well away from the rift, while lithospheric mantle structure beneath the Kenya Rift (station BARI, Fig. 2 ) is clearly perturbed.
Figure 2 also shows that there are signifi cant differences in lithospheric mantle structure between the East African and Ethiopian Plateaus. The lithosphere under the Ethiopian Plateau is thin, extending to depths of no more than ~80-90 km. The maximum S velocity is also very low, reaching only to 4.2-4.3 km/s, compared to 4.5-4.7 km/s beneath the Mozambique belt in Tanzania and Kenya. There is little similarity between the lithosphere under the East African and Ethiopian Plateaus. The lithospheric mantle of the Ethiopian Plateau has been signifi cantly perturbed by the hotspot activity, much more so than the lithospheric mantle of the East African Plateau (Dugda et al., 2007 (Dugda et al., , 2009 ).
SUBLITHOSPHERIC MANTLE STRUCTURE
To image sublithospheric mantle structure, the same body wave traveltime tomography method was applied to the data sets from all three regions by Ritsema et al. (1998) (Tanzania), Benoit et al. (2006a Benoit et al. ( , 2006b ) (Ethiopia), and Park and Nyblade (2006) (Kenya) . The teleseismic events used from each data set were distributed over a range of back azimuths, providing reasonably good azimuthal coverage. Relative traveltime delays were computed using the multichannel cross-correlation technique of VanDecar and Crosson (1990) , and then values were inverted for three-dimensional wave speed models using the method of VanDecar (1991) . This method incorporates three-dimensional ray tracing into a simultaneous linear inversion for slowness, near-surface corrections, and earthquake relocations and provides a conservative estimate of the structure that accounts for the variations in the traveltime residuals across a network. P-and S-wave models were obtained for Tanzania (Ritsema et al., 1998) and Ethiopia (Benoit et al., 2006a (Benoit et al., , 2006b , and for each region, the fi rst-order features in the P and S models are similar. Because of limited data, only a P-wave model was obtained for Kenya (Park and Nyblade, 2006 ). To evaluate model resolution, several tests were conducted for each region. Synthetic traveltime data were generated for many input models (checkerboards, slabs, spheres) by using the ray paths for the data and then inverting them using the same model parameterization and regularization parameters that were used to invert the data. Results of the synthetic tests illustrate that model resolution for each region is comparable, ~50 km horizontally and ~100 km vertically.
Figures 3 and 4 illustrate the main features of the models. In Figure 3 , slices through the models at 200 km depth are shown. The models were constructed independently, and the slices have been simply assembled together to create a composite image for eastern Africa. Figure 4 shows three W-E cross sections (see Fig. 1 for locations of the cross sections) . The model for Ethiopia shows a broad (>400-km-wide) region of low seismic velocity beneath the Ethiopian Plateau. At 150-200 km depth, a region of low velocities is seen beneath the Afar Depression, the Main Ethiopian Rift, and slightly west of the rift under the western portion of the Ethiopian Plateau. Deeper in the models (>200 km depth), the center of the low-velocity structure shifts westward across the western section of the Ethiopian Plateau, offset from the strike of the Main Ethiopian Rift (Fig. 4A) . (Ritsema et al., 1998) , Kenya (Park and Nyblade, 2006) , and Ethiopia (Benoit et al., 2006b) . For Kenya, the P-wave velocity variations were converted to S-wave velocity variations using a Poisson's ration of 0.295. Also shown with arrows are results from shear wave splitting measurements (Tanzania and Kenya-Walker et al., 2004; EthiopiaKendall et al., 2005; Gashawbeza et al., 2004) . The orientation of the arrows shows the direction of fast polarization, and the length of the arrows gives delay time. The inset box shows the shear wave splitting measurements from within the Main Ethiopian Rift.
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The low-velocity region in the upper mantle beneath the Ethiopian Plateau extends at least as deep as the top of the mantle transition zone over a region >400 wide (Fig. 4A ). Resolution tests (Benoit et al., 2006a (Benoit et al., , 2006b indicate that the low velocities in the transition zone cannot be attributed to the smearing of shallower (i.e., ≤300 km depth) structure downward into the transition zone by the inversion algorithm. Given the ~100 km vertical resolution of the models, the presence of low velocities at 300.
200.
100. Figure 4 . Cross sections through the body wave tomography models from (A) Ethiopia (Benoit et al., 2006b ), (B) Kenya (Park and Nyblade, 2006) , and (C) Tanzania (Ritsema et al., 1998) . The locations of the cross sections are shown in Figure 1 . C-craton; RVrift valley.
≥500 km depth indicates that the low velocities extend at least to the top of the transition zone. A similar model showing a broad, low-velocity anomaly beneath Ethiopia extending into the transition zone has been reported by Bastow et al. (2008) using a larger traveltime data set than used by Benoit et al. (2006a Benoit et al. ( , 2006b . For the Kenya model, traveltime data from the KRISP network were used together with the data from the Kenya broadband seismic experiment. The shape of the low-velocity anomaly in the model for Kenya above 150 km depth is almost identical to that obtained by the KRISP group (Green et al., 1991; Achauer et al., 1994; Slack et al., 1994; Achauer and Masson, 2002; Davis and Slack, 2002) (Fig. 4B) . The low-velocity region is characterized by steep, near-vertical sides located under the rift border faults (Fig. 4B) . At depths greater than 150 km, the low-velocity region enlarges to the west and south toward the margin of the Tanzania craton, reaching a width of ~200 km. The low-velocity region extends to a depth of at least 300 km. Because of the smaller aperture of the Kenya network compared to the Ethiopia network, the low-velocity zone below ~300 km depth cannot be well imaged, thus allowing for the possibility that the anomaly could also broaden to the east at depth.
The cross section through the model for the Tanzania data set shows higher than average velocities beneath the Tanzania craton and predominantly lower than average velocities beneath the rifted mobile belts surrounding the craton (Fig. 4C) . The lowvelocity region under the eastern branch of the rift extends to depths greater than 400 km and laterally over a region ~300 km wide (Fig. 4C) . The lithospheric keel beneath the craton, as defi ned by the relatively fast velocities, extends to a depth of ~200 km (the apparent continuation of fast velocities to ~300 km depth is likely due to limited vertical resolution). Between depths of 200 and 300 km, the low-velocity structure associated with the eastern branch extends westward under the fast structure of the cratonic lithosphere.
TRANSITION ZONE DISCONTINUITIES
To place additional constraints on the depth extent and width of the low-velocity anomalies in the sublithospheric mantle, P-wave receiver functions from all three data sets were stacked using the same procedure to image the 410 and 660 km discontinuities by Owens et al. (2000) (Tanzania), Benoit et al. (2006b) (Ethiopia), and Huerta et al. (2009) (Kenya) . The receiver functions for each data set were computed using a frequency domain deconvolution method with water-level stabilization (Langston, 1979) and stacked following the method described by Owens et al. (2000) . The estimated uncertainty in the depths of the discontinuities obtained is ±10 km.
The phase transitions that nominally occur at depths of 410 and 660 km are generally interpreted as the α-spinel to β-spinel transition and the γ-spinel to perovskite + magnesiowüstite transition, respectively (Bina and Helffrich, 1994) . The Clapeyron slope of these transitions is such that under warm conditions, the 410 km transition is depressed and the 660 km transition is elevated, and the thickness of the transition zone decreases. Hence, if the low-velocity anomalies at depths >400 km are caused by elevated temperatures, then topography on the discontinuities can be used to verify this.
Recent studies of the phase transformations in the lower part of the transition zone, however, indicate that Ps arrivals on receiver functions around 650-700 km depth can be a combination of Ps conversions from the α-spinel to β-spinel transition and the γ-spinel to perovskite + magnesiowüstite transition and the majorite (garnet) > perovskite + magnesiowüstite transition, complicating the interpretation of seismic wave conversions from that depth interval in the transition zone (Deuss et al., 2006; Deuss, 2007; Hirose, 2002; Simmons and Gurrola, 2000; Vacher et al., 1998) . The majorite-perovskite transition has a positive Clapeyron slope, and thus the transition deepens with increasing temperature, opposite to the Clapeyron slope of the olivine-perovskite transition. Because of the uncertainty in the phase transformation that dominates in regions of elevated temperatures (Hirose, 2002; Deuss, 2007) , Ps conversions from around 660 km depth in the data sets from Tanzania, Kenya, and Ethiopia are not reviewed.
Data from the EAGLE project were incorporated into the receiver function stacks for Ethiopia (Benoit et al., 2006b) , and in spite of the fairly dense coverage of Ps conversion points at 410 km depth from the combined data sets, a discontinuity around 410 km depth could not be imaged. The inability to resolve the 410 km discontinuity could be due to many factors. Complicated crustal and uppermost mantle structure (Dugda et al., 2005 (Dugda et al., , 2007 , such as sharp lateral changes in Moho depth across the rift, and large variations in surface topography (Rondenay et al., 2005) could cause wavefi eld scattering. The presence of melt beneath the rift (Bastow et al., , 2008 Kendall et al., 2005; Keranen et al., 2009; Keir et al., 2009 ) could also attenuate the Ps converted phases. However, these factors would also affect Ps conversions recorded on the network in Kenya, and, as reviewed in the following paragraph, Ps conversions from the 410 km discontinuity can be well imaged beneath Kenya. Hence, these factors are probably not the reason why the 410 km discontinuity beneath Ethiopia cannot be imaged. A more likely explanation is heterogeneity within the sublithospheric mantle that scatters the wavefi eld, including topography on the discontinuity itself. For example, Van der Lee et al. (1994) have shown that topography on the discontinuity with an amplitude of 15-25 km (in depth) could cause inherent waveform distortion affecting the Ps conversions. Figure 5 shows a profi le that runs almost parallel to the Tanzania-Kenya border and a map of the depth to the 410 km discontinuity illustrating the major changes in the 410 km discontinuity beneath Tanzania and Kenya (Huerta et al., 2009; Owens et al., 2000) . There are signifi cant variations in the depth and characteristics of the 410 km discontinuity. Strong and coherent Ps conversions from the 410 km discontinuity can be seen. Beneath the Tanzania craton, a clear Ps arrival can be seen at a depth of ~410-420 km (Fig. 5A) . Across the central portion of the profi le (beneath the rift and the volcanic fi elds east of the rift), this Ps arrival shifts deeper to ~430-450 km depth (Fig. 5A) . In addition, in the southeast portion of the profi le (beneath the coastal plains), the Ps conversion from the 410 km discontinuity shallows again to ~410-420 km depth (Fig. 5A) . Figure 5B shows the spatial extent of the region where the 410 km discontinuity is 20-40 km deeper than normal. In Kenya, the region extends from under the Kenya rift to the east some 200-400 km, and in northern Tanzania, the region extends beneath the entire area where the eastern branch impinges on the eastern edge of the Tanzania craton (Fig. 5B) .
DISCUSSION
The depressed 410 km discontinuity beneath the eastern branch of the rift system in Kenya and Tanzania can be readily attributed to warmer-than-average temperatures at the top of the transition zone. Using a Clapeyron slope of 2.9 MPa/K (Bina and Helffrich, 1994) for the α-spinel to β-spinel transition, the 20-40 km depression of the 410 km corresponds to a temperature increase of as much as 350 K. This increase in temperature is consistent with the velocity model of Ritsema et al. (1998) for Tanzania, which shows a 2%-3% reduction in S-wave velocities beneath the eastern branch coincident with the location of the depressed 410 km discontinuity. The depressed 410 km discontinuity in the same location as the low-velocity anomaly beneath the eastern branch cannot be explained other than by a deep (>400 km) thermal anomaly in the mantle under the rift system. The tomographic models of Ritsema et al. (1998) and Park and Nyblade (2006) indicate that the thermal anomaly extends upward at least to the base of the lithosphere regionally beneath the East African Plateau, but that the thermal anomaly has not yet signifi cantly altered the uppermost mantle beneath areas of the East African Plateau away from the rift valleys, as illustrated by the fast (4.5-4.7 km/s) S-wave velocities between the Moho and 100 km depth (Fig. 2) . It is also possible that some portion of the upper-mantle low-velocity anomaly could be caused by compositional changes.
The broad (>400-km-wide) and deep (>400 km) lowvelocity anomaly beneath the Ethiopian Plateau is also indicative of a thermal anomaly similar to the one beneath the eastern branch in Tanzania and Kenya. However, in the case of Ethiopia, the thermal anomaly does extend upward to the very top of the mantle, affecting broadly the structure of the Ethiopian lithosphere, as illustrated by the slow (4.0-4.2 km/s) S-wave velocities between the Moho and 80-90 km depth (Fig. 2) .
Geodynamic models for the origin of the portion of the African superplume in eastern Africa, as well as for the Cenozoic rifting and volcanism found there, must account for the broad and deep thermal structure in the upper mantle beneath eastern Africa revealed by the low-velocity anomaly and depressed 410 km discontinuity in Tanzania and Kenya. Indeed, the nature of the thermal structure, in particular its breadth and depth, places a fi rstorder constraint on geodynamic models of the African mantle. Nyblade spe 478-03 1st pgs page 10
The breadth and depth of the thermal structure cannot be easily explained by plume models invoking a bulbous plume head fed by a narrow plume tail. Although many authors have attributed the hotspot tectonism to one or more plume heads fed by a plume tail (e.g., Schilling et al., 1992; Marty et al., 1996; Burke, 1996; Ebinger and Sleep, 1998; Courtillot et al., 1999; Debayle et al., 2001; George et al., 1998; Pik et al., 1999 Pik et al., , 2006 Burke and Gunnell, 2008) , the thermal structure cannot be accounted for by either a narrow (~100 km diameter) plume tail or plume head that has impinged on the underside of the lithosphere (Benoit et al., 2006b) . The plume tail is too narrow to account for the breadth of the thermal structure, and the plume head, once it has spread out beneath the lithosphere, is too thin to account for the depth extent of the thermal structure. For the plume model to explain the thermal structure, many plume tails would have to exist under eastern Africa suffi ciently close to one another to create a composite thermal anomaly several hundred kilometers wide.
In contrast to the plume head/tail model, the breadth and depth of the thermal structure is more easily attributed to the African superplume. The African superplume is a low-velocity anomaly that extends from the core-mantle boundary beneath southern Africa at least to midmantle depths (Simmons et al., 2007) , and it is often interpreted as a thermo-chemical structure. In some tomographic models, it even appears to extend into the upper mantle beneath eastern Africa (e.g., Ritsema et al., 1999; Grand et al., 1997; Grand, 2002; Trampert et al., 2004) . Whether or not the superplume extends across the transition zone and into the upper mantle beneath eastern Africa is debated, but either a thermal or thermo-chemical anomaly as large as the superplume, if it extends into the upper mantle, could cause the 410 km discontinuity to be regionally depressed, as seen in Tanzania and Kenya, and could also lead to suffi cient topography on the 410 km discontinuity that it might not be well imaged, as found beneath Ethiopia. The superplume structure extending into the upper mantle would also create a wide and deep low-velocity anomaly.
Given the shortcomings with the plume model, a geodynamic model for the African superswell topography in eastern Africa, and also for the Cenozoic rifting and volcanism, invoking a geodynamic connection between the lower-mantle superplume structure and the anomalous upper mantle beneath eastern Africa is favored. The geodynamic connection could be either through fl ow of mantle rock across the transition zone or simply by conduction of heat across the transition zone into the upper mantle (e.g., Pik et al., 2006; Burke and Torsvik, 2004) . Improved seismic images of midmantle structure beneath eastern and southern Africa are needed to determine further the nature of the geodynamic connection.
The low-velocity anomaly beneath eastern Africa, as determined from the three types of seismic analyses reviewed here, is consistent with both regional (Weeraratne et al., 2003) and continental-scale surface wave tomography models (Debayle et al., 2001; Priestley et al., 2008; Pasyanos and Nyblade, 2007; Sebai et al., 2006; Montagner et al., 2007; Sicilia et al., 2008) , which also show a broad region of low shear wave velocities in the upper mantle under eastern Africa. Although estimates of seismic anisotropy from shear wave splitting have not been interpreted previously in terms of fl ow in the mantle , Gashawbeza et al., 2004 Walker et al., 2004) , they are possibly consistent with a geodynamic model for eastern Africa that attributes the upper-mantle low-velocity anomaly to fl ow associated with the superplume. In Figure 3 , the results from shear wave splitting measurements in eastern Africa are shown. The fast polarization direction within and around the eastern branch is rift-parallel. This pattern of anisotropy has been interpreted as resulting from melt inclusions in the lithosphere aligned parallel to the rift Gashawbeza et al., 2004; Walker et al., 2004) . However, the pattern of anisotropy could also indicate fl ow of sublithospheric mantle rock parallel to the rift. Such a fl ow pattern could arise from a broad upwelling of rock from the superplume fl owing to the northeast under the eastern branch as it rises through the upper mantle.
The nature of the low-velocity anomaly in the upper mantle beneath eastern Africa is also important for the plume versus plate debate, as mentioned in the introduction. In the plate model, upper-mantle anomalies, such as the one beneath eastern Africa, are commonly attributed to plate motions and/or variations in lithospheric structure between regions giving rise to shallow convective fl ow in the sublithospheric mantle. Two candidate "plate" mechanisms for generating a low-velocity anomaly in the upper mantle beneath eastern Africa are edge-drive convection (King and Anderson, 1995, 1998; King and Ritsema, 2000; King, 2007) and small-scale convection induced by lithospheric thinning.
In one form of the edge-driven convection model, the difference in heat fl ux through older, thicker lithosphere (i.e., cratonic) located adjacent to the thinner, younger lithosphere (i.e., mobile belt) drives small-scale convection, drawing mantle from under the thicker lithosphere to the suture between the thicker and thinner lithosphere. As the mantle material rises and impinges on the base of the thinner lithosphere, it can cross into the melting zone and produce basaltic melt. Extensional stresses across the suture can help to focus the fl ow at the suture.
The application of this model to East Africa might appear to be straightforward, given the thicker lithosphere of the Archean Tanzania craton in the middle of the East African Plateau surrounded by thinner Proterozoic mobile belt lithosphere. However, as reviewed by Nyblade (2002) , there are a number of reasons, based on the geological history and present-day structure of the lithosphere in eastern Africa, why edge-driven convection does not appear to be a viable model for explaining the Cenozoic extensional tectonism in eastern Africa.
The width of the low-velocity anomaly in the upper mantle beneath eastern Africa also presents a challenge for the edgedriven convection model. Beneath Kenya, the anomaly at around 400 km depth is several hundred kilometers wide and extends well to the east of the Kenya Rift (Huerta et al., 2009) . Such a wide anomaly well below and to the east of the base of the ~150-200-km-thick Tanzania craton lithosphere is not consistent spe 478-03 1st pgs page 11 with edge fl ow around the sides of the cratonic lithosphere. In Ethiopia, the low-velocity anomaly is also many hundreds of kilometers wide, and it maintains that width through the entire upper mantle. Such a wide and deep anomaly is not consistent with edge-fl ow either around the northern margin of the Tanzania craton to the south of Ethiopia or from around the northeastern margin of the Congo craton to the southwest of Ethiopia.
Another "plate" mechanism that can possibly be invoked for eastern Africa is small-scale convection induced by lithospheric thinning, which results from far-fi eld stresses generated at the edge of the African plate (i.e., the so-called passive rift mechanism). However, given the small amount (≤10%) of lithospheric extension in eastern Africa, it is unlikely that the convective instabilities beneath the lithosphere could extend deep into the upper mantle (e.g., Buck, 1986; Mutter et al., 1988) . Thus, the depth to which the upper-mantle velocity anomaly extends is not readily explained by this model.
SUMMARY AND CONCLUSIONS
To advance further our understanding of the way in which a portion of the African superswell in eastern Africa formed, and also to draw attention to the importance of eastern Africa for the plume versus plate debate, the upper-mantle structure beneath eastern Africa was reviewed using results from seismic data recorded on regional broadband seismic networks operated in Tanzania, Kenya, and Ethiopia using three types of data analyses. (1) Joint inversions of receiver functions and surface wave dispersion measurements show that there are signifi cant differences in lithospheric mantle structure between the East African and Ethiopian Plateaus. The lithosphere under the Ethiopian Plateau is thin, extending to depths of no more than ~80-90 km. The maximum S-wave velocity is also very low, reaching only to 4.2-4.3 km/s. Beneath the East African Plateau, away from the rift valleys, shear wave velocities of 4.5-4.7 km/s characterize the mantle lithosphere to depths of more than 100 km. The lithospheric mantle of the Ethiopian Plateau has been signifi cantly perturbed, much more so than the lithospheric mantle of the East African Plateau. (2) Body wave tomography reveals a broad (≥300-km-wide) and deep (≥400 km) low-velocity anomaly beneath the Ethiopian Plateau and the eastern branch of the rift system in Kenya and Tanzania. (3) Receiver function stacks of Ps conversions from the 410 km discontinuity show that this discontinuity beneath the eastern branch in Kenya and Tanzania is depressed by 20-40 km in the same location as the low-velocity anomaly. The coincidence of the depressed 410 km discontinuity and the low-velocity anomaly indicates that the low-velocity anomaly is caused primarily by elevated temperatures.
Results from these analyses cannot be explained by models invoking a plume head and tail, unless there are a suffi cient number of plume tails presently under eastern Africa side-by-side to create a broad and deep thermal structure. The breadth and depth of the thermal structure are more easily attributed to the African superplume, which in some tomographic models extends into the upper mantle beneath eastern Africa. If the superplume extends into the upper mantle, it could cause the 410 km discontinuity to be regionally depressed, as seen in Tanzania and Kenya, and also create a wide and deep low-velocity anomaly. Consequently, a superplume origin for the anomalous topography of the African superswell in eastern Africa, in addition to the Cenozoic rifting and volcanism found there, is favored.
The nature of the low-velocity anomaly within the upper mantle beneath eastern Africa is diffi cult to explain with the plate model, as illustrated for the edge-drive convection and the passive rift mechanisms. This result presents a challenge to advocates of the plate model seeking to account for deep-seated upper-mantle thermal anomalies without invoking plume-like upwellings, at least for eastern Africa.
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